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Introduction 

Net energy  ana lyses  of th ree  shale-oil-producing sys t ems  have been con- 
ducted. The  presenta t ion  of these  ana lyses  is divided into seve ra l  pa r t s .  F i r s t  
the methodology i s  outlined, next p rocess  descr ip t ions  a r e  given, and a f t e r  that 
resu l t s  a r e  l i s ted  and compar isons  a r e  made  with conventional energy-producing, 
sys tems.  Then a d iscuss ion  of the r e su l t s  follows, and conclusions a r e  drawn, 
The final section d e s c r i b e s  some  uses  of net energy  analysis in decision-making. 

Methodology 

Fue l  s y s t e m s  generally can b e  divided into s teps .  F o r  the  purpose  of this 
analysis seven  s t eps ,  o r  modules ,  were  chosen. The  seven s teps  a re :  (1)  Ex-  
traction, (2)  T r a n s p o r t  I ,  ( 3 )  P r o c e s s ,  (4)  T r a n s p o r t  11, ( 5 )  Conversion I ,  (6 )  
Conversion 11, and ( 7 )  Distribution. 
although the re  may be  minor  variations of format  f rom one sys t em to another.  

' 

A l l  sys t ems  follow the s a m e  genera l  sequence 

An ana lys is  of a mul t i - s tep  fuel sys t em reduces  to the combination of 
analyses of individual modules.  
displays the impor tan t  fea tures  of modular  analysis.  
dynamics is observed--Ein=Eout .  A l s o ,  energy der ived  f rom and used within the 
sys tem is always in te rna l  to the module. These  precautions reduce one problem 
assoc ia ted  with ene rgy  ana lyses ,  construction of sys t em boundaries.  

The d i ag ram of one module of a fuel sys t em (Fig. 1 
The f i r s t  law of thermo-  

Energy input cons is t s  of two p a r t s ,  P r inc ipa l  Energy  and Externa l  Energy. 
Externa l  Energy i s  the sum of P r inc ipa l  Energy is the  p r i m a r y  energy input. 

fuels,  e lec t r ic i ty ,  and  of the energy embodied in ma te r i a l s  which a r e  purchased 
o r  "imported" f r o m  energy  sys t ems  other than the  one being analyzed. 

The  energy  "backup" needed to de l iver  Externa l  Energy m u s t  be  considered 
T h i s  is  diagrammed to  fully account f o r  energy  dra in  f r o m  other  energy  sys t ems .  

a s  ascending h igher  o r d e r s  of Externa l  Energy .  
used to compute the  h igher  -o rde r  energy inputs. 
f rom economic input-output data ( l )  were  applied to ma te r i a l  do l la r  cos t s ,  after 
appropriate deflation to the base  year  of 1967. 
f o r  each m a t e r i a l  input without employing tedious calculations.  

Two different methods  have been 
Conversion fac tors  developed 

T h i s  method is the  bes t  available 
However,  for  fuels 
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and e lec t r ic i ty  the  a l te rna t ive  of i t e ra t ion  combined with empir ica l ly  der ived  approxi- 
mations a t  o r  above o r d e r  th ree  i s  used .  
flexible, than the application of conversion f ac to r s  s imi l a r  to  those used for mater ia l  
energy  equivalents.  

This  a l te rna t ive  i s  m o r e  p rec i se ,  and 

Energy  P roduc t  and Energy Loss compr i se  Eout. Energy  Product  is  defined 

Energy LOSS 
as the ma jo r  energy  f o r m  produced by the module,  plus other energy  produced f o r  
outside distribution, p lus  the energy equivalent of sa lab le  byproducts. 
h a s  been divided into th ree  p a r t s .  Phys ica l  Loss i s  the sum of l o s ses  of the P r i n c i p a l  
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Energy  input due to spil lage,  leakage, d i sposa l  of was te  ma te r i a l s ,  etc.  In te rna l  
Consumption i s  the  energy  r equ i r ed  f rom Pr inc ipa l  Energy  to provide hea t  o r  power 
f o r  the p r o c e s s .  Normally th i s  i s  the 
s u m  of the ex te rna l  energy  inputs. I n  s o m e  c i r cums tances ,  however,  an external 
energy input will be  incorpora ted  in the Energy  P roduc t ,  e .g .  additives to p e t r o -  
leum products .  

The  th i rd  l o s s  category is Externa l  Loss. 

Modules a r e  combined s imply  by adjusting the Energy Product  of one module 
to equal t he  P r inc ipa l  Ene rgy  of the  following module,  and so on. 
requi res  a cor responding  change in  the Externa l  Energy ,  the Energy  Loss, '  and the 
Pr inc ipa l  Energy  of the  modules  in  the fue l  sys t em.  
sys tem,  a sequential  combination of seven modules,  a r e :  (1 )  P r inc ipa l  Ene rgy- -  
the initial P r inc ipa l  Energy  input to  the sys t em,  ( 2 )  Externa l  Energy-- the  sum of 
Externa l  Ene rgy  inputs of each  normal ized  module, ( 3 )  Energy Loss- - the  sum of 
Energy  Loss  outputs of each  module,  and (4 )  Energy  P roduc t - - the  final 'Energy 
Product  output p lus  the s u m  of byproduct ene rg ie s  of each module. 

This automatically 

Finally,  to ta l s  for the fuel 

P r o c e s s  Descr ip t ion  

One difficulty with ana lyses  of synthetic fue l  p r o c e s s e s  is the absence of 
commerc ia l  data.  In th i s  ana lys i s ,  the bes t  available da ta  is used. However, in- 
format ion  p resen ted  h e r e  should b e  viewed a s  probable,  not ac tua l ,  characterization 
of oil sha le  p r o c e s s e s .  

The  th ree  o i l  sha l e  re tor t ing  sys t ems  studied a r e  the Bureau  of Mines Gas 
Combustion Retor t ,  t he  TOSCO I1 Retor t ,  and the Union B Retor t .  Because the  data 
f o r  each p r o c e s s  a r e  calculated averages ,  and because  it is not r ea l i s t i c  to draw 
f ine  distinctions among o i l  sha le  p r o c e s s e s  without f u r t h e r  information, the results 
wi l l  not b e  spccifically identified with each  p rocess .  Rather ,  the l e t t e r s  A, B, and 
C (not corrksponding to  the o r d e r  l isted above) will b e  used to  identify resu l t s .  

Bureau  of Mines Gas  Combustion Retor t  

The  Bureau  of Mines  G a s  Combustion Retor t  fea tures  d i r ec t  heating of shale 
by hot combustion gases  f r o m  pa r t i a l  burning within the  r e to r t .  
g ram is shown in  f igure  2 .  
quently, incoming sha le  is f i r s t  p rehea ted  and then re tor ted ,  while a i r  en te r ing  the 
r e to r t  is  hea ted  p r i o r  to combustion by hot spent sha le  a s  it ex i t s .  

A schemat ic  d i a -  
The  flow of sha le  and gas is countercur ren t .  Conse-  

The  Gas Combustion Re to r t  has ,  f r o m  an energy  efficiency standpoint, 
advantages and d isadvantages .  It makes  use of carbon remain ing  on the spent shale 

I 

af te r  kerogen i s  pyro l ized ,  and the sensible heat of both spent sha le  and combustion 
gases  is  wel l  uti l ized. However,  the F i s c h e r  Assay oil  yields (82-8770) a r e  lower than 
f o r  other types of r e t o r t s ;  and the Gas Combustion Retor t  cannot handle finely crushed 
ma te r i a l  without briquett ing,  which adds to  capital  and opera t ing  costs (and therefore  
to energy use) .  I 

I 

I 

I 
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I TOSCO I1 Retor t  

T h e  TOSCO I1 Retor t  ( F i g .  2)  t r ans fe r s  hea t  f rom hot (1200°F)  c e r a m i c  
balls to finely c r u s h e d  r aw oil  sha le .  
(950°F) ;  and the c e r a m i c  ba l l s  a r e  recycled and heated by gas recovered  f rom the 
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Sensible heat is recovered  f r o m  the spent shale 
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r e to r t ,  a s  i s  the incoming raw shale.  

Advantages of the  TOSCO I1 Re to r t  a r e :  high o i l  and gas  yields (as high a s  
108 pe rcen t  of F i sche r  Assay) ;  high-Btu gas,  s ince  the re  i s  no dilution f r o m  com-  
bustion within the  r e to r t ;  d i r ec t  re tor t ing  of fine shale,  even dust.  

Disadvantages a r e :  chemica l  potential  of r e s idua l  carbon i s  not recovered;  
the r e to r t  is mechanically complex, with many moving p a r t s ;  sha le  m u s t  be finely 
crushed, which adds to process ing .  

Union B Retor t  

The Union B Retor t  (F ig .  2 )  u s e s  externally heated recyc led  g a s  to pyro l ize  
oil  shale.  
to heat the o ther ,  which i s  then re turned  to the  r e to r t .  
move sha le  f rom bottom to top of the r e to r t .  The re  i s  no combustion in the r e to r t .  
The Union B r e t o r t  yields up to 100 percent  of F i s c h e r  Assay  and produces  a high- 
Btu gas.  It i s  r a the r  s imple  mechanically.  However, the r e s idua l  carbon on the 
spent sha le  i s  not utilized; and there  i s  l i t t le sens ib le  heat r ecove ry ,  e i the r .  

The product gas f rom the r e t o r t  is spli t ;  and one p a r t  of the gas is burned  
A rock  pump is used  to 

The  fuel sys t ems  studied in these ana lyses  produce two different f inal  energy  
fo rms-  -gasoline and e lec t r ic i ty .  
f rom oi l  shale ex t rac ted  by underground mining, c rushed  and r e to r t ed  aboveground, 
refined a t  o r  nea r  the plant s i te ,  pipelined 300 mi l e s ,  and d is t r ibu ted  by t ruck  70 
mi l e s .  The t ranspor ta t ion  mi leages  and re f inery  type a r e  cha rac t e r i s t i c  of the 
Rocky Mountain region. Oi l  sha le  e l ec t r i c  sys t ems  a r e  based on  underground e x -  
t rac t ion ,  aboveground crushing  and re tor t ion ,  generation a t  o r  near  t he  plant s i te ,  
and 150-mile t ransmiss ion .  
sha le  sys t ems  in refining, product type, and t r anspor t  d i s tances .  

The o i l  sha le  gasoline sys t ems  produce  gasoline 

Conventional pe t ro leum sys t ems  co r re spond  to the o i l  

Resul t s  and Discussion 

Tables  1 and 2 display r e su l t s  f o r  the net energy  ana lys i s  of t h r e e  o i l  sha le  
It can be seen  f r o m  Table 1 that (with cu r ren t  technology) m o r e  ex te rna l  sys t ems .  

energy is requi red  to produce  100 energy  units of gasoline f r o m  oil  sha l e  p r o c e s s e s  
than f r o m  conventional pe t ro leum sys t ems .  Fu r the rmore ,  the  p r o c e s s  l o s s e s  f o r  
oil  shale a r e  higher than for pe t ro leum.  
is low, i. e .  unrecovered  r e source  i s  high; and consequently the s u m  of l o s s e s  and 
unrecovered r e source  fo r  oil  shale is comparable  to  tha t  fo r  pe t ro leum.  
ex terna l  l o s ses  and p rocess  lo s ses  fo r  o i l  sha le  converted to e lec t r ic i ty  are higher 
than f o r  petroleum electricit?;  but the sums  of l o s ses  and unrecovered  r e source  
a r e  comparable.  

However, the init ial  r ecove ry  of pe t ro leum 

Simi la r ly ,  

The  ana lyses  of o i l  shale sys t ems  (and  of conventional pe t ro leum)  a r e  based 
on commerc ia l  o r  nea r -commerc ia l  cu r ren t  technology. N o  a t tempt  h a s  been made  
to es t imate  the potential  of t e r t i a ry  o i l  r ecove ry ,  of subsequent ex t rac t ion  of shale 
mine p i l l a r s ,  o r  of improvements  i n  re tor t ing  efficiency. Compar isons  incorpor - 
ating such changes requi re  additional s tud ies .  

Three  questions which appropriately concern the public and the i r  r e p r e s e n t -  
atives in business and in government a r e :  
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How much  energy  is produced by o i l  sha le  sys t ems  
compared  to the amount necessa ry  to  opera te  the sys t em?  

How efficient are the p r o c e s s e s  of o i l  sha le  sys t ems?  

How wel l  do o i l  sha le  sys t ems  use  na tu ra l  r e s o u r c e s ?  

These  basic questions r equ i r e  many modifications,  additions, and explanations t o  
respond fully to a l l  the concerns  voiced by in te res ted  pa r t i e s .  
a r e  valid, and can b e  answered  generally in the  following ways.  First, o i l  sha l e  
sys t ems  deliver much m o r e  energy  than they r equ i r e  f r o m  other  sou rces .  
producing sys t ems  provide 6 -8 t imes  the  amount they use ,  while sha le  -e lec t r ic  
sys t ems  deliver 4-6 t imes  a s  much  energy a s  they consume. 
efficiencies f o r  an  o i l  sha le  sys t em a r e  typically 50-6Wo. considerably l e s s  than 
the efficiency of a pe t ro leum sys t em (approximately 80%). 
duce 100 units of output are m o r e  than th ree  t imes  as much f o r  sha le  as fo r  pe t ro leum.  
P r o c e s s  lo s ses  a r e  p r imar i ly  due to re tor t ing ,  and a t  the p re sen t  t i m e  different 
re tor t ing  methods va ry  l i t t l e  in overa l l  efficiency. Thi rd ,  o i l  sha le  s y s t e m s  make  
as good use  of na tura l  r e s o u r c e s  as do present -day  pe t ro leum s y s t e m s ;  but ne i ther  
oil  sha le  recovery  nor pe t ro leum recove ry  is high; and it appea r s  tha t  e f for t s  m o r e  
fully to ex t rac t  our  finite fos s i l  fuels a r e  essent ia l .  

Never the less ,  they 

Gasol ine-  

Second, p r o c e s s  

P r o c e s s  l o s s e s  to  p r o -  

Conclusion 
Net energy ana lyses  offer valuable information on energy-producing s y s t e m s  

and can be helpful in focusing attention on concerns  about u s e  of finite na tura l  f u e l  
r e sources .  
tools - e .  g. economic ana lys i s ,  t echnica l  feasibil i ty,  envi ronmenta l  study, soc i a l  
impact  planning. Poten t ia l  applications include selection of p r io r i t i e s  f o r  r e s e a r c h  
and development, a id  to energy policy planning, identification of conserva t ion  goals 
for  end use  consumption, de te rmina t ion  of potential  improvements  i n  the  energy 
process ing  and delivery sys tem,  and contribution t o  dec is ions  about r e s o u r c e  manage-  
ment  and environmental  effects.  

Net energy  ana lys i s  supplements o the r  planning and decision-making 

One example may  i l lus t ra te  the u s e  of net energy  ana lys i s .  Suppose that it 
is necessary  to provide space  heating on  a l a rge  sca l e  (pe rhaps  to  rep lace  dwindling 
sources  of na tura l  gas ) .  
E i the r  r e source  may  be su r face  o r  underground mined. 
o r  fu r the r  converted to e lec t r ic i ty .  
(highly unlikely), liquefied, gasified, burned in a s t eam-e lec t r i c  power  plant,  o r  
perhaps  converted v ia  magnetohydrodynamics.  
in fo rced -a i r  o r  water - rad ian t  sys t ems ,  while e lec t r ic i ty  m a y  b e  used  fo r  d i r ec t -  
radiant heating o r  to power hea t  pumps .  Is there  a bes t  option o r  a bes t  s e t  of options 
among these many possibil i t ies? 
requi re  leas t  "energy support" f r o m  existing energy  s y s t e m s ?  Which a r e  mos t  p r o c -  
ess efficient (and thus  pe rhaps  l e a s t  likely to produce  unfavorable impacts )?  
can improvements in each sys t em b e  made ,  and how l a rge  a r e  the potential  effects 
of improvements? 
analysis.  

Assume the available r e s o u r c e s  a r e  o i l  sha le  and coal. 
O i l  sha le  m a y  b e  liquefied 

Coal may be  burned  d i rec t ly  f o r  space  heating 

At end use  the fue ls  m a y  be burned  

Which ones produce l eas t  r e s o u r c e  impact?  Which 

Where 

These  a r e  all questions which can  b e  answered  using net energy  

Net energy ana lys i s  can be employed a t  the m i c r o  leve l  o r  at the  m a c r o  leve l ;  
i. e. the importance of a n  analysis may  be  i t s  de ta i l  of an energy sys t em,  o r  the 
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cen t r a l  question may  b e  a l a rge - sca l e  compar ison  of a l te rna t ives .  
ana lys i s  w i l l  provide both p rocess  specifics and s u m m a r y  aggregations.  

A comprehensive 

Many assumpt ions  concerning energy  sys t em p r o c e s s e s  and r e source  -related 
var iab les  la rge ly  affect  net  energy  ana lyses .  However, difficult ies compar ing  one 
ana lys i s  with another o r  applying r e su l t s  to different questions can be  overcome if 
investigators a r e  careful t o  list the i r  assumptions,  to  explain the i r  methodologies,  
and to define the i r  s t r o p e s  of study. 
tha t  the reader  can de te rmine  for  himself how appropr ia te  a study is to h i s  needs.  

Net energy  ana lys i s  should be p re sen ted  so 

Net energy ana lys i s  is a useful tool which can and  should be used to a id  those 
involved in questions of energy  supply and demand. 
supplements,  o ther  planning inputs. 
a t  things. 
It is a good addition to  t h e  decision-making p r o c e s s .  

It does not supplant, bu t  r a the r  
New problems often r equ i r e  new ways  of looking 

Net energy ana lys i s  is one new way of looking at  energy  supply and demand. 

- 1 / Herendeen and Bul la rd  1 9 7 4  
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